Alternatively activated macrophages play an important role in host defense in the context of a Th2 microenvironment such as parasitic infection. However, the role of these macrophages during secondary challenge with Th1 type pathogens is poorly defined. In this study, 
INTRODUCTION
Macrophages (MΦ) play an important role in the innate and acquired host response to intraand extracellular pathogens. They contribute to the recognition, uptake and killing of microorganisms and multicellular parasites, antigen presentation to T and B lymphocytes, and inflammation during both acute and chronic infection 1 . The phenotype of macrophages is markedly heterogeneous 2 , with distinct signatures of gene expression and effector functions associated with Toll like receptor (TLR) (innate) 3 , interferon-gamma (IFN-γ) (classical For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From activation) 4 and IL-4/13 (alternative activation) 5 pathways. Although the role of macrophages in Th1-dependent anti-microbial responses is well-defined, their functions in Th2-dependent or mixed responses remain poorly understood. IL-4 and IL-13 have overlapping, but distinct effects on macrophages, dependent on a common IL-4Rα 6 , with profound changes in the expression of a range of cellular proteins and functions broadly implicated in the regulation of inflammation and repair 5 . Most studies hitherto have focused on IL-4 as a sole differentiating cytokine, without further TLR, Th1 or Th2 stimuli, which may be required to induce full expression of macrophage effector mechanisms. It is known that IL-4 pretreatment of macrophages can potentiate LPS-induced cytokine and chemokine production [7] [8] [9] [10] . IL-4, by itself, has profound effects on fluid phase and MR-dependent and independent endocytosis, as well as modifying other elements of the endocytic pathway [11] [12] [13] . However, the effects of IL-4 on phagocytosis of opsonized and unopsonized bacteria, yeasts or other particles are not clear [14] [15] [16] , nor has the impact of phagocytic stimuli on intracellular signalling and secretion by IL-4 treated macrophages been defined.
We have studied the impact of IL-4 pretreatment on a well characterized phagocytic model, For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From
MATERIALS AND METHODS

Animals
The mice used in this study were more than 8 weeks of age on a C57/BL6J background. We ) 21 and MyD88
(MyD88 −⁄− ) 22 . All animals were housed under specific pathogen-free conditions and handled in accordance with guidelines issued by the Home Office, United Kingdom (UK).
Reagents
Mouse recombinant IL-4 (IL-4) and mouse recombinant IL-13 (IL-13) were obtained from R&D Systems (Abingdon, UK). PD98059 (MEK inhibitor), SB202190 (p38 inhibitor) and wortmannin (PI3K inhibitor) were purchased from Sigma Aldrich (Gillingham, UK).
Fluorescein isothiocyanate-labeled zymosan (FITC-zymosan) and Rhodamine Green X (RdGnX) were obtained from Invitrogen (Paisley, UK). Bacteriologic plastic plates were obtained from Greiner (Gloucester, UK). All the electron microscopy supplies are from Agar Scientific (Stansted, UK).
Bacterial culture and labelling
Neisseria meningitidis serogroup B (strain MC58) (N.m.) 23 , a kind gift of Dr Richard Moxon, was cultivated as described 23 . For fluorescent labelling, N.m. were resuspended in 70% ethanol overnight at 4°C and labelled with RdGnX (RdGnX-N.m.) 24 . Ethanol inactivation of the intact organism preserves ligand activity for both SR-A and TLR-4 and allows ligation of both receptors 25 . Statistical significance was determined using Student's t-test.
Particle uptake assay
The effect of IL-4 on N.m. binding was determined as described above, but each step was performed at 4°C.
Lysate preparation, SDS-page and Western blotting
To prepare whole cell lysates, ThioMΦ (1 × 10 6 cells/well) were cultivated on bacteriologic plastic. The cells were washed with PBS and lysed with ice-cold RIPA buffer (25 mM TrisHCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing 1 mM PMSF and protease inhibitor cocktail (Roche Applied Science, Burgess Hill, UK).
Twenty micrograms of protein were separated on a 6% SDS-polyacrylamide gel and transferred to nitrocellulose (Amersham, Little Chalfont, UK). The membrane was blocked in 5% milk in PBS/0.1% Tween 20 and probed overnight with primary antibodies. After washing with PBS/Tween, blots were probed with HRP-conjugated secondary antibody (Jackson Laboratory, Bar Harbor, ME, USA), for 1 hr at room temperature. Staining was PFA and analysed on a FACScan (Becton Dickinson), using FlowJo software. The primary Abs used in this study were 2F8, ED31 and 2A11 (rat IgG2b anti-mouse Dectin 1 mAb) 29 . Determination of in vivo cytokine production after IL-4 treatment C57/BL6J mice (more than eight weeks old) were injected intraperitoneally with 100 ng IL-4, 12 hr and 2 hr (injection of PBS for the control) before challenge with 2 × 10 6 N.m. for 2 hr.
Determination of cytokine release
The infiltrate was collected by lavage with PBS and spun down. TNF-α and IL-6 were assayed by ELISA in the supernatants.
Electron microscopy
ThioMΦ were treated for 48 hr with IL-4 and challenged with zymosan (20 particles per MΦ)
for 30 min at 37°C. For transmission electron microscopy (TEM), ThioMΦ were plated on bacteriologic plastic and fixed using a mixture of 2.5% glutaraldehyde, 2% paraformadehyde and 0.1% picric acid in 100 mM cacodylate buffer (pH 7.0) containing 2 mM EGTA and 1 mM MgCl2. The samples were post-fixed in 1% osmium in 100 mM cacodylate buffer (pH 7.0) for 1 hr at 4ºC, washed with distilled water and stained en bloc with 2% aqueous uranyl acetate for 2 hr at 4°C, in the dark. The samples were dehydrated with ethanol, and the cells released from plastic using propylene oxide. The cells were pelleted and washed several times with propylene oxide (to remove the dissolved plastic still present in solution) and embedded in resin. Ultrathin (~70 nm thick) sections were cut, stained with uranyl acetate and lead citrate and examined in a FEI Tecnai 12 electron microscope.
For scanning electron microscopy (SEM), ThioMΦ were plated on coverslips and fixed as described above. Samples were rinsed several times with distilled water, dehydrated through a Figure 3C ). However, the absence of MyD88 had no comparable effect on the uptake of RdGnX-N.m. by ThioMΦ ( Figure 3D ). These results confirmed that IL-4 pretreatment reduced phagocytosis but increased cytokine secretion, but established that these responses differed in their requirement for MyD88.
IL-4 treatment in vivo impairs phagocytosis, but also increases proinflammatory cytokine secretion
The results described above demonstrated that alternative activation inhibited phagocytosis of RdGnX-N.m. whilst potentiating particle-induced proinflammatory cytokine production in vitro. In order to confirm the biologic relevance of these findings, we assayed the effect of IL- 
IL-4 pretreatment inhibits Akt but stimulates p42/p44 and p38 phosphorylation
In macrophages, Fc-receptor mediated phagocytosis is regulated by phospholipid-modifying enzymes such as phosphatidylinositol 3-kinase (PI3K) 32 Furthermore, we demonstrated that TNF-α and IL-6 secretion depended on p38
phosphorylation, but was independent of the PI3K and p42/p44 pathways ( Figure 5B ). Since Cotreatment with IL-4 potentiated the activation of p42/p44 and p38, which was sustained over time ( Figure 5C ). We concluded that IL-4 treatment inhibited the PI3K pathway, required for N.m. phagocytosis, and that the PI3K pathway could be one of the targets of IL-4
For
that lead to inhibition of phagocytosis. Conversely, enhanced p38 phosphorylation was consistent with the increased proinflammatory cytokine secretion observed after IL-4 priming.
IL-4 pretreatment inhibits phagosome formation.
In macrophages, inhibition of the PI3K arrests phagocytic cup closure 32 . To determine whether the inhibition of PI3K by IL-4 modulates phagosome formation, ThioMΦ were stimulated for 48 hr with IL-4 and challenged with zymosan, a more suitable particle for morphologic studies. SEM revealed that, by 30 min, no zymosan particle was detected on the surface of untreated ThioMΦ and TEM showed that zymosan particles were all intracellular.
By contrast, in IL-4 treated cells, many zymozan particles were observed on the cell surface in phagocytic cups, in which distal margins remained open ( Figure 6 ). (Fig. 2 and Fig. S1 ). Although ingestion of N.m. and zymosan was showed that the production of proinflammatory cytokines in response to LPS depends on p38 activity 45 , decrease of MAPK activation in MKK3 −⁄− MΦ did not modify LPS-stimulated TNF-α production. IL-12p70 release was also enhanced by IL-4 followed by N.m., as reported in earlier studies [7] [8] [9] [10] 34 ; we did not detect changes in IL-10 or nitric oxide secretion under the present conditions (unpublished data).
DISCUSSION
PI3K is known to be required for phagosome closure 32 and by using zymosan, more suitable for microscopic analysis than N.m., we observed that IL-4 treatment, which inhibited PI3K activity, reduced phagocytic cup closure, consistent with a role in inhibition of uptake ( Figure   6 ). 
